The capability of global Chemistry and Transport Models (CTMs) to simulate atmospheric 9 composition and its spatial and temporal changes highly relies on the input data used by the 10 models, in particular the emission inventories. Biomass burning emissions show large spatial, 11 diurnal, seasonal and year-to-year variability. In the present study, we applied a global 3D 12 CTM to evaluate uncertainties in the computed atmospheric composition associated with the 13 use of different biomass burning emissions and identify areas where observational data can 14 help to reduce these uncertainties. We find the emission inventory choice to lead to regional 15 differences in the calculated load of aerosols up to a factor of 4. Assumptions on the injection 16 height of the biomass burning emissions are found to produce regionally up to 30% 17 differences in the calculated tropospheric lifetimes of pollutants. Computed changes in 18 lifetimes point to a strong chemical feedback mechanism between emissions from biomass 19 burning and isoprene emissions from vegetation that are linked via NOx-driven oxidant 20 chemistry, NOx-dependent changes in isoprene oxidation products, aerosol emissions and 21 atmospheric transport. These interactions reduce isoprene load in the presence of biomass 22 burning emissions by 15%, calculated for the same amount of isoprene emitted into the 23 troposphere. Thus, isoprene load and lifetime are inversely related to the quantities of 24 pollutants emitted by biomass burning. This feedback is shown to be able to increase the 25 global annual secondary aerosol yield from isoprene emissions, defined as the ratio of 26 tropospheric loads of secondary aerosol from isoprene oxidation to isoprene emissions, by up 27 to 18%. 28 29
Introduction 1
Atmospheric composition is affected by emissions of reactive gases and aerosols to the 2 atmosphere by several natural (e.g. soils, vegetation, oceans, volcanoes, wild fires) and 3 anthropogenic sources (e.g. industrial and residential activities, transport, and shipping). 4
Among these sources biomass burning plays a central role for atmospheric chemistry via 5 changes in the atmospheric composition but also impacting on the ecosystem functioning 6 through atmospheric deposition of nutrients and the lifecycle of vegetation (Keywood et al., 7 2013 ). Biomass burning is positioned between the natural (wild fires) and human-induced 8 (intentional burning) sources of atmospheric pollutants since a fraction of open fires is 9 induced by humans for agricultural and city expansion purposes (Levine et al., 1995) or for 10 protection against fire itself (Mutch, 1994) . Biomass burning is an important source of trace 11 constituents to the atmosphere including radiatively and chemically reactive gases and 12 aerosols (Andreae and Merlet, 2001; Akagi et al., 2011) . It is the largest source of primary 13 carbonaceous aerosols (Bond et al., 2004) and the second largest source of volatile organic 14 compounds (VOC) in the atmosphere after the emissions from vegetation (Guenther et al., 15 2012) and of carbon monoxide (CO) after anthropogenic emissions (Kanakidou and Crutzen, 16 1999; Pfister et al., 2005) . 17
Emissions from biomass burning and their transformation in the atmosphere affect air quality 18 (Lelieveld et al., 2004) , interact with radiation (Reid et al., 2005) and the atmospheric water 19 cycle and thus affect climate (Rosenfeld, 1999) . In turn climate change is seen to impact on 20 wild fire occurrence and intensity. For instance the exceptionally intensive 1997/1998 21 Indonesia fires have been attributed to the combined strength of the El Niño and the Indian 22 Ocean Dipole (Field et al., 2009 ). 23
Significant changes in the trends of atmospheric concentrations of CH4 and CO have been 24 attributed to the changes in the biomass burning emissions (Simmonds et al., 2005) . Most of 25 these emissions occur in the tropics that are subject to intensive photochemistry in the 26 presence of high humidity conditions and significant convective activities (Chatfield and 27 Delany, 1990; Crutzen, 1994) . During summer in the high latitudes boreal forest fires 28 contribute about 12% to the global biomass burning emissions (Lavoué et al., 2000) and can 29 be so intensive and convective that their emissions reach the high troposphere and low 30 stratosphere (Fromm et al., 2000) . 31 Tropical photochemistry is controlling the lifetime of most atmospheric pollutants (Crutzen, 1 1994 ; Keywood et al., 2013) , including reactive greenhouse gases like methane (CH4) and 2 ozone (O3), and thus their persistence in the atmosphere to impact on radiation and climate . 3 Up to about 25% of the net global photochemical production of tropospheric ozone has been 4 attributed to biomass burning emissions and chemistry in the atmosphere (Crutzen and 5 Andreae, 1990 ; Jaffe and Wigder, 2012) . Long range transport of biomass burning aerosols 6 has been seen to happen fast within one or two weeks both downwind tropical (Edwards et al., 7 2006 ; Dirksen et al., 2009 ) and high latitude sources (Jaffe et al., 2004) . Thus this source is 8 affecting atmospheric pollutant levels in remote environments. For instance, chemical ageing 9 of fire plumes has been identified as contributor to the high ozone over the Atlantic ocean 10 (Lelieveld et al., 2004) . Therefore it is important to simulate the impact of biomass burning 11 emissions on tropospheric composition and pollutant lifetimes and to evaluate the 12 uncertainties in such simulations. Werf et al. (2006) ). All these factors introduce uncertainties in the emissions (Granier et al., 19 2011; Wiedinmyer et al., 2011) . In particular, the size of small fires can be overestimated and 20 the number of fires can be underestimated when seen by satellites (Wiedinmyer et al., 2011). 21 The injection height of fire emissions (Dentener et al., 2006; Freitas et al., 2007; Sofiev et al., 22 2012 ) is an additional cause of discrepancies in the model estimates of the impact of these 23 fires on tropospheric composition. The height distribution proposed by Dentener et al. (2006) 24 (used in this work) is based on wildfire location and type, where the distribution described in 25 Sofiev et al. (2012) is based on the fire characteristics (fire intensity, temperature of plume, 26 type of source) as well as the meteorological conditions (atmospheric boundary layer height, 27 free troposphere). These two approaches show similarities in emission heights over North 28
America and Oceania, but over Eurasia, Australia and South America the two methods show 29 significant differences (Sofiev et al., 2013 boundary layer air. Long range transport of biomass burning pollutants has been followed by 9 lidar and satellite observations and the simulations have been shown to be sensitive to the 10 injection height of the emissions as well as to the entrainment of air into the boundary layer 11 over U.S.A. Note that boreal fires plumes can reach the upper troposphere where their impact 12 is different from that in the boundary layer due to the non-linearities in the atmospheric 13 chemistry (Chatfield and Delany, 1990 ) and the different photochemical conditions there. model and three different biomass burning emission inventories, two global and one regional. 25 They calculated differences in the ozone global burden resulting from the use of different 26 biomass burning inventories that range between +1.7% and +4.6% compared to the simulation 27 using GFEDv3 biomass burning emission inventory. 28
The present study aims to evaluate uncertainties in model estimates of biomass burning 29 impacts on atmospheric composition that are associated with the use of different emission 30 inventories in the same model. The study also aims to identify locations where additional 31 observations can provide constrains for biomass burning emission estimates. For this purpose 32 a global 3D Chemistry and Transport Model (CTM) is applied to evaluate uncertainties in the 1 atmospheric composition and major pollutants lifetimes computed using recently updated and 2 commonly used biomass burning emissions. Based on the computed model sensitivity to 3 biomass burning emissions, we also identify areas where observational data can help to 4 reduce these uncertainties. The model used for this study is the global 3-D CTM TM4-ECPL (Kanakidou et al., 2012 ). 8
The model accounts for gas and multiphase chemistry to describe tropospheric ozone 9 chemistry and all major aerosol components (primary and secondary). It contains explicit 10 chemistry of C1 to C5 volatile organic compounds (VOCs) and a highly simplified 11 representation of a-pinene and β-pinene chemistry. The model calculates secondary organic 12 aerosol (SOA) formation by VOC oxidation and subsequent gas-to-particle partitioning of 13 semivolatile products (Tsigaridis and Kanakidou (2007) as updated by Myriokefalitakis et al. 14 (2010) ). Chemical aging of organic aerosol (OA) is also taken into account. For primary 15 organic aerosol (POA) and black carbon (BC) chemical ageing is considered to occur by 16 oxidation of organic material that coats the particles and is driven by O3 (Tsigaridis and 17 Kanakidou, 2003) ; while for SOA chemical ageing to non-volatile SOA (Tsigaridis and 18 Kanakidou, 2003 ) is considered to occur by reaction with OH at the rate of 4.10 -12 molec -19 1 cm 3 s -1 , very close to that of the H-abstraction reaction of pinonic acid with OH (Praplan et 20 al., 2012) . BC emissions are by 20% soluble while terrestrial POA emissions are by 50% 21 soluble. For both BC and POA the insoluble fraction is converted to soluble during aging. 22
Multiphase chemical production of SOA is parameterized as described in Myriokefalitakis et 23 al. (2011) . Gas-to-particle partitioning of inorganic components is solved using the 24 ISORROPIA II aerosol thermodynamic model that also calculates the aerosol-water (Nenes et 25 al., 1998; Fountoukis and Nenes, 2007) . For this study the TM4-ECPL model uses a 3°x2° caution was taken to avoid double counting of the emissions. For this, the AWB emissions 16 (Table 3 ) are considered separately for the simulations that have been performed for this study 17 (Table 4 ). The AWB in the ECLIPSE database amounts to 4.5% of the total anthropogenic 18 pollutants emissions (approximately 34.5 Tg a -1 ) for the year 2008 (see Table 1 for more 19 information). Anthropogenic emissions of all basic pollutants are used (CO, nitrogen oxides 20 (NOx), black carbon aerosol (BC), particulate organic carbon (OC), sulfur dioxide and sulfates 21 (SOx) as well as speciated non methane volatile organic compounds (NMVOCs; for a list of 22 the NMVOCs used in the model see supplementary material S1). 23
Biomass burning emissions 24
For the present study a number of sensitivity simulations have been performed ( Table 4 ). 10
The temporal variability of theses biomass burning inventories per emitted species for 2008 is 11 shown in Fig. 1 . This figure depicts the differences between the inventories in their 12 seasonality and amplitude (also annual totals in Table 2) zero. Note that we have chosen to account for monthly mean emissions since not all 31 inventories have higher temporal resolution. This is the reason we have also chosen to 1 validate the model results comparing to monthly mean observations. 2
Results 3
To evaluate the ability of the model to reproduce the observations, the computed 4 concentrations are compared with measurements. The differences in the fields computed by 5 the various emission inventories provide a measure for the robustness of the model results 6
with regard to the biomass burning impacts. Comparison of the simulated tropospheric 7 concentrations of pollutants between the various scenarios reveals the spatial and temporal 8 differences due to the different inventories and could indicate which inventory is performing 9 the best. Ultimately these differences will point to areas where additional observations can 10 contribute to reduce uncertainties of the emission inventories as will be further discussed. 11
Finally, tropospheric lifetimes are calculated to provide information on how the location and 12 strength of the emissions affect the persistence of the pollutants in the atmosphere. available data have been used for model evaluation, only comparisons at stations that have 21 been selected to make evident differences between the simulations using different biomass 22 burning emission inventories are shown for OC ( Fig. 2) , CO ( Fig. 3 ) and O3 ( Fig. 4 ). 23
Concentration fields of primary pollutants emitted by biomass burning are more strongly 24 affected by the different emission inventories and injection heights. Thus, OC computed 25 concentrations ( Fig. 2 ) and BC concentrations (not shown) present the largest diversity, 26 between simulations followed by CO ( Fig. 3 ), which is emitted by fires, but has also 27 secondary sources. 28
The simulated OC for the various scenarios and their differences from the observations in the 29 tropics, the subtropics and high latitudes at locations affected by biomass burning emissions 30 are shown in Fig. 2 . Due to limited observational data from the tropics where most of the 1 biomass burning occurs, for the following comparisons all available data have been used 2 independent of the year. Modeled differences for OC due to emission inventory choice can 3 exceed a factor of three at Alta Floresta ( Fig. 2c ) and eight at Rondonia (Fig. 2d) that are not seen in the measurements (Fig. 3b ). The assumption that all emissions occur near 30
the surface leads to about 60% higher CO surface concentrations than when emissions are 31 distributed vertically. At the areas where biomass burning occurs and downwind of them, 32 these emissions contribute between 10 and 75% to the total CO levels during the burning 1 season. 2
Comparisons of O3 simulations with surface measurements (Fig. 4) show noticeable 3 difference between the simulation that neglects wildfire emissions (S4.0) and all other 4 simulations, at stations like Mt. Kenya (Fig. 4f ), La Quiaca observatory ( Fig. 4g ) and Hok 5 Tsui (Fig. 4d ), which are located in the vicinity or outflow of tropical biomass burning. These 6 are areas where O3 levels are the most sensitive to the different biomass burning emission 7 scenarios. For instance, at La Quiana observatory ( Fig. 4g ), differences as high as 10 ppb of 8 O3 (i.e. ~25%) are computed for October when using the different emission scenarios. The 9
FINN inventory results in the highest computed O3 levels, while omitting biomass burning 10 reduces O3 levels by ~35%. However, very small sensitivity is seen between the scenarios 11 with wildfire emissions for the other locations in Fig. 4 . Thus, evaluating these inventories 12
requires densifying air quality monitoring close to the major biomass burning sources in the 13 tropics, which are virtually absent. Furthermore, we have calculated the ratio of the standard 14 deviation to the mean of all model simulations to identify locations where biomass burning 15 emission inventories produce the largest model divergence. In Fig. 5 these ratios are shown 16
for OC and indicate that systematic observations over boreal regions, Alaska, South Asia and 17
Indonesia can help constrain the used biomass burning emission inventories. 18
Comparison with ozonesondes and satellite observations 19
Because the impact of biomass burning is not restricted to the surface concentrations of 20 pollutants but also extends in the free troposphere, we have also compared model results with 21 ozonsondes as well as with O3 and CO mid tropospheric columns as observed by 22
Tropospheric Emission Spectrometer (TES) satellite instrument. In addition, simulated O3 23 profiles have been compared with available ozonesondes data from WDCGG after 24 interpolating into layers of 50 hPa from surface to the top of the atmosphere as out for its performance in reproducing the observations. 13
Tropospheric loads 14
The global annual mean tropospheric loads for selected gases and aerosol components as 15 computed for the base case scenario (S0.0) are shown in Fig. 6 for OC, CO, NOx, O3, OH, 16 and isoprene. Fig. S3 (in the supplement) shows similar results for BC, SO4 2-, NO3 -, HNO3 17 and NH4 + . Although changes in the wildfire emissions do not significantly impact the global 18 tropospheric load of most pollutants as shown in Table 5 , regionally significant differences 19 are computed (e.g. for BC, the difference can reach a factor of 7, Fig. S4b ) as will be further 20 discussed. The choice of wildfire emission inventory impacts on the calculated tropospheric 21 load of tracers. The most sensitive pollutants to wildfire emissions are found to be OC and 22 BC, while O3 shows small sensitivity. 23
Contribution of wildfires emissions on tropospheric loads.

24
The contribution of wildfires to the tropospheric load of pollutants can be calculated by 25 comparison of S0.0 (base case) with S4.0 that neglects the emissions. Wildfires increase the 26 tropospheric loads of: OC by ~30%, BC by ~35%, CO by about 13% , NH4 + by 10%, HNO3 27 by 8%, NOx by 5%, and SO4 2and O3 by 3% (Table 5) . 28
Previous studies for CO with the NOAA GFDL GCTM have shown biomass burning to 29 contribute from 15 to 30% to the total CO background (Galanter et al., 2000) . This is in 30 surface concentrations when injected at height (Jian and Fu, 2014 ). In the same study it is 10 shown that biomass burning injection height has much larger impact on BC than CO (50%-11 150% more BC calculated at 700hPa, than when emitted in the boundary layer). Differences 12 are positive over source areas (since more is emitted near the surface in SX.1) and negative 13 downwind (since less is transported away from source regions due to the increased deposition 14 flux at the source regions). Additional comparisons are presented in the supplementary 15 material ( Fig. S6a-f ). Assumptions in the biomass burning emissions injection height 16 marginally affect CO and O3, with computed differences in the global annual mean 17 tropospheric load smaller than 2.5%. 18 It is interesting to examine the impact of wildfire emissions on isoprene tropospheric load. 21
Chemical feedbacks between biomass burning and vegetation
Isoprene is the single most important biogenic volatile organic compound (BVOC) emitted by 22 vegetation (more than 50% of total annual BVOC emissions). The changes in OH described 23 in section 4.3.1 (Fig. 7e) , the main tropospheric oxidant that consumes isoprene, led to 24 opposite in sign changes of isoprene (Fig. 7f) . Such results indicate a strong chemical 25
feedback between biomass burning and species emitted by vegetation. 26
This feedback is linking isoprene destruction and aerosol formation via the oxidants 27 (hydroxyl-OH-and nitrate-NO3-radicals and ozone) that consume isoprene and produce 28 semi-volatile organics but also via primary biomass burning aerosols that provide surface for 29 organics to condense on. In the presence of fires, for the same isoprene emissions from 30 vegetation (Fig. 7e ) more nitrogen oxides (NOx) (Fig. 7c ) are emitted leading to higher OH 31 radicals in the extended biomass burning region (up to 20% regionally) and slightly lower 1 over northern hemisphere regions with intensive anthropogenic NOx emissions and their 2 outflow. Thus, isoprene ambient levels are reduced with the highest reduction over and 3 downwind tropical forested areas. Isoprene global tropospheric column is calculated to be 4 lower by 15% in S0.0 than in S4.0 ( fig. 7f ). However, due to the NOx-dependence of the semi-5 volatile organic compounds formation from isoprene oxidation the total isoprene_SOA 6 concentrations change little (2%). This implies an overall 13% reduction in semi-volatile 7 organic compounds formation yield from isoprene oxidation that comes to compensate for the 8 increased isoprene oxidation. In addition, the primary organic aerosols (POA) emitted by 9 biomass burning provide surface for partitioning of semi-volatile compounds, thus 10 significantly increasing the partitioning of organic vapors to the aerosol phase that in turn also 11 stimulate further partitioning to the aerosol phase. Thus, the isoprene-SOA partitioning to the 12 aerosol phase increases by 16% in depletion of the gas phase isoprene-SOA precursors. This 13 enhancement is consistent with, although much lower than derived from results by Kanakidou 14 et al. (2000) on the enhancement of SOA formation from biogenic VOC due to partitioning on 15 POA from pollution sources. That earlier study was using higher aerosol yields from BVOC 16 than here and did not account for the later studied NOx-dependence of these yields; it also 17 presented changes due to both combustion and fossil fuel POA. It has also shown that the use 18 of different parameters in the two product yield representation of SOA formation from BVOC 19 can lead to up to 70% of differences in the computed SOA tropospheric burden depending on 20 atmospheric conditions. Tsigaridis et al. This feedback in the presence of biomass burning emissions increases by about 18% the 9 global mean aerosol yield from isoprene emissions that is defined as the ratio of the 10 tropospheric load of secondary organic aerosol from isoprene oxidation to the emissions of 11 isoprene, while locally this difference can exceed 40%. Impacts on the tropospheric loads of 12 the first generation gaseous products of isoprene are smaller, i.e. about 10%. The 13 supplementary figure S11 shows the spatial distribution of the percent changes in the aerosol 14 yield from isoprene emissions as computed comparing simulations S4.0 and S0.0. This figure  15 points to the areas where the impact of biomass burning emissions (in percent) on the 16 apparent SOA yield from isoprene is calculated by our model to be significant. These areas 17 are the high latitude zone of North America and Asia, the tropical regions over land as well as 18 the outflow from biomass burning regions. Note however that most isoprene_SOA formation 19 occurs over land. 20
Our results demonstrate the strong coupling between tropospheric chemistry, biomass burning 21 and vegetation emitted species. They show that it is critical for the evaluation of the impact of 22 these emissions on tropospheric chemistry to consistently account for BVOC emissions from 23 vegetation and the co-location/co-occurrence of biomass burning emissions in the area. Co-24 location of vegetation and biomass burning emissions is linked to the model grid size since 25 co-location area increases with lowering the horizontal resolution of the model. In this 26 respect, to further investigate the impact of the feedback strength to the model resolution, a 27 lower resolution set of simulations has been also performed. These low resolution simulations 28
give results similar to the higher resolution with regard to the feedback strength (relative 29 changes between S0.0 and S4.0). Thus, the percent increases do not seem to be affected by the 30 resolution of the model, while the computed tropospheric loads of isoprene and secondary 31 organic aerosol differ between the high and low resolution simulations with low resolution 1 simulation computing about 10% lower SOA and 4% lower isoprene loads. This is in agreement with previously calculated differences reported in literature. For instance, 13 such differences resulting from the use of 3 different biomass burning inventories (two global 14 and one regional) in the TM4 model coupled with the CBM4 chemical mechanism do not 15 exceed 5% for the African domain (Williams et al. (2012) . Table 6 shows the calculated 16 global tropospheric lifetimes of pollutants for each scenario. The maximum percentage 17 differences from the base case scenario (S0.0) are computed for the S4.0 simulation that 18 neglects all wildfire emissions. 19
The lifetimes of pollutants, computed as the ratio of the tropospheric load to the loss rate (sum 20 of chemical loss and deposition fluxes) for each model column, show sensitivity to both the 21 height distribution of the emissions and the different emission inventories. The sensitivity of 22 the BC lifetime to the height of injection of the biomass burning emissions is depicted in Fig.  23 9, where the difference in calculated tropospheric lifetimes of OC attributed to emission 24 injection height alone can reach 30% (right panels). The differences produced by injection 25 height for other species are provided in Fig. S7 (supplement) . The use of different biomass 26 burning emission inventories led to up to almost 90% local differences for OC as seen in Fig.  27 9g. The maximum differences are computed in the tropics and over the boreal forests in 28
Canada and eastern Russia using the ACCMIP and FINN inventories ( Fig. 9e,g) . The overall 29 impact of biomass burning emissions (simulations S4.0 versus S0.0) on the regional lifetimes 30 of tracers is shown in Fig. 10 , where significant increases in O3 (up to about 25%) and CO (up 31 to about a factor of 2) lifetimes are calculated when wild fire emissions are neglected. 1 Biomass burning is reducing O3 lifetime in the burning regions of the tropics and the boreal 2 forests. This is mainly due to the reaction of O3 with NO emissions and subsequent HNO3 3 formation. The impact of fire emissions on chemistry can be seen through the increases in the 4 regional lifetime of CO and isoprene in S4.0 (Fig. 10a,d) , where local differences can reach 5 160%. OC and BC lifetimes are highly affected with local computed differences up to almost 6 90% (OC) and 150% (BC) (Fig. 10e-f ). Similar results are produced for SO4 2lifetimes where 7 the local differences in calculated tropospheric lifetimes range from about -25% to 25% near 8 the tropics (Fig. 10g) Fig. 11b ) that is weaker for the S1.0 (Fig. 11a ). These differences are mainly attributed to the 20 spatial distribution of the emissions favoring different chemistry pathways and resulting in 21 different fractional composition of NOy and thus different dry and wet removal fluxes. Note 22 that high differences in NOy lifetime due to deposition are calculated over the tropical regions 23 with both positive and negative differences over and off-shore tropical Africa. There, both 24
NOy burden and deposition losses are increasing due to biomass burning emissions and the 25 corresponding NOy lifetime in S0.0 varies roughly between 4 to 50 days ( Figure S12a ). When 26 wild fire emissions are omitted in the model, the absolute differences in NOy lifetime between 27 simulations S4.0 and S0.0 in the tropics vary from -6.5 to +5 days ( Figure S12b ). Thus, the 28 NOy lifetime is increased by up to 67% locally (Fig. 11d ), although on global scale a small 29 lifetime change (about -2%) is computed (Table 6) . 30
Conclusions 1
The CTM sensitivity simulations performed here show that the choice of wildfire emission 2 inventory has a significant impact on the simulated tropospheric concentrations of both 3 primary emitted and secondary produced species, and as a result on the tropospheric lifetimes 4 of gaseous and aerosol pollutants. 5
The differences introduced by the choice of biomass burning emissions are usually between -6 30% and 30% above and downwind of biomass burning hotspots (near the tropics, boreal 7 forests of Russia and Canada) and can reach up to a factor of about 7 (e.g. for BC Fig. S4 ). 8
These impacts maximize for primary pollutants over source areas and for secondary pollutants 9 downwind. They are either due to the spatial and temporal differences in the emitted amounts 10 of primary pollutants, or to the resulting changes in the levels of oxidants and thus to the 11 impact of the primary pollutants on the concentrations of the chemically produced or 12 destroyed tracers. The injection height of the wildfire emissions is found to affect both the 13 tropospheric load and the lifetimes of the pollutants. Regionally up to 30% differences are 14 computed in the calculated tropospheric lifetimes of pollutants. Tropospheric column of OC is 15 mostly affected by different emission injection height with regional differences ranging from -16 20% to 25% and those attributed to the different emission inventories ranging from -70% to 17 450% (Fig. S8b) . The authors would like to thank the reviewers for their pertinent comments that helped 4 improving this work. 5 
